Abstract Purpose: In certain cancers, MDM2 SNP309 has been associated with early tumor onset in women. In melanoma, incidence rates are higher in women than in men among individuals less than 40 years of age, but among those older than 50 years of age, melanoma is more frequent in men than in women. To investigate this difference, we examined the association among MDM2 SNP309, age at diagnosis, and gender among melanoma patients. Experimental Design: Prospectively enrolled melanoma patients (N = 227) were evaluated for MDM2 SNP309 and the related polymorphism, p53 Arg72Pro. DNA was isolated from patient blood samples, and genotypes were analyzed by PCR-restriction fragment length polymorphism. Associations among MDM2 SNP309, p53 Arg72Pro, age at diagnosis, and clinicopathologic features of melanoma were analyzed. Results: The median age at diagnosis was 13 years earlier among women with a SNP309 GG genotype (46 years) compared with women with TG+TT genotypes (59 years; P = 0.19). Analyses using age dichotomized at each decade indicated that women with a GG genotype had significantly higher risks of being diagnosed with melanoma at ages <50 years compared with women z50 years, but not when the comparison was made between women <60 and z60 years. At ages <50 years, women with a GG genotype had a 3.89 times greater chance of being diagnosed compared with women withTG+TTgenotypes (P = 0.01). Similar observations were not seen among men. Conclusions: Our data suggest that MDM2 may play an important role in the development of melanoma in women. The MDM2 SNP309 genotype may help identify women at risk of developing melanoma at a young age.
Melanoma incidence rates vary dramatically with gender and age. According to National Cancer Institute's Surveillance, Epidemiology and End Results (SEER) data (1), melanoma incidence rates are greater among women than men between the ages of 20 and 40 years, and among women in this age group melanoma incidence rates rise steeply. After the age of 40 years, melanoma incidence rates continue to rise in women, but at a slower pace. In men, the most rapid increase in incidence rates occurs between the ages of 50 and 80 years. As a result of these trends, the incidence rates of melanoma are greater among women than men at ages <40 years, equal in both sexes between the ages of 40 and 44 years, and greater among men than women at ages >45 years. Interestingly, the natural incidence of menopause prior to 40 years of age is quite low; however, nearly 10% of postmenopausal women in the United States are between the ages of 40 and 50 years, with many others entering the menopause transition or perimenopause during this decade (2) . The average age of menopause in the United States and other Western countries is 51 years (3). Given these observations, it is possible that the discordance in melanoma incidence rates between men and women, both above and below the age of 50 years, is related in part to estrogen signaling.
Recently, a single nucleotide polymorphism (SNP) at position 309 in the P2 promoter of MDM2 (rs2279744; T/G) has been associated with the onset of several different cancers among younger women. For example, women with an MDM2 SNP309 G allele display earlier-onset soft tissue sarcoma, diffuse large B-cell lymphoma, colorectal cancer, and nonsmall cell lung cancer compared with patients lacking the G allele (4 -10) . In these studies, the differences in tumor onset were observed when patients were divided into ''premenopausal'' and ''postmenopausal'' groups using the age of 51 years as an approximation for menopausal status. Although these tumor types are not classically considered to be related to hormonal signaling, additional in-vitro studies showed a mechanistic link to estrogen signaling. The estrogen receptor serves as a cotranscriptional activator of the transcription factor Sp1 by binding to its COOH-terminal domain (11) . The presence of the G nucleotide at SNP309 increases the binding affinity of Sp1 for the promoter, and transcriptional activity of the MDM2 gene (12, 13) . Studies of additional tumor types support the estrogen signaling hypothesis. For example, among ovarian cancers and invasive ductal carcinomas of the breast, the association between age of onset and the SNP309 genotype was only observed among estrogen receptor -positive (versus estrogen receptor -negative) tumors (4, 14) . More recently, endometrial cancer risk was found to be greater in women with a SNP309 GG genotype as compared with women with other genotypes, an important observation given that endometrial cancer risk increases with unopposed estrogen stimulation of the uterus (15) .
MDM2 is a key negative regulator of the tumor suppressor p53. Via its E3 ubiquitin ligase properties, MDM2 targets p53 for proteasomal degradation (16 -18) . In a subset of human tumors, overexpression of MDM2 is associated with accelerated cancer progression and lack of response to therapy (19) . These observations suggest that MDM2 overexpression may substitute for p53 mutations in these tumors. Melanoma belongs to a group of tumors for which p53 mutations are rare. Unexpectedly, our group found that MDM2 overexpression is an independent predictor of improved survival in melanoma (20) , a finding that was later reproduced by another group of investigators (21) . Similar observations have been made in other tumor types. MDM2 accumulation correlates with favorable clinical-pathologic parameters in patients with esophageal, ovarian, colon, and non -small cell lung cancer (22 -25) , suggesting that MDM2 accumulation may not drive an aggressive, malignant phenotype in all tumors. A recent study in ovarian carcinoma found that the MDM2 SNP309 G allele correlated with increased overall survival despite an earlier age of onset (14) .
Several studies in other tumors have examined the association between MDM2 SNP309 and a well-studied polymorphism in p53, Arg72Pro (rs1042522; R/P). The results have shown positive associations between the proline/proline (PP) genotype and disease risk for some tumor types (e.g. esophageal squamous cell carcinoma, lung cancer, renal cell carcinoma) but no association for other tumor types (e.g. colorectal cancer, breast cancer; refs. 26 -30) . The association between the p53 Arg72Pro polymorphism itself and melanoma risk is controversial (31 -34) , with some studies showing associations between melanoma risk and the PP genotype (31 -33) , but others showing increased melanoma risk with the arginine/ arginine (RR) genotype (34) .
Our pilot study examines the relationship among MDM2 SNP309, p53 Arg72Pro, and patient and tumor clinicopathologic factors in a population of newly diagnosed melanoma patients. Genotype analysis. Genomic DNA was isolated from 227 peripheral blood leukocyte specimens collected at the time of patient enrollment (AutoGen, QuickGene Mini80). Twenty to 100 ng of genomic DNA from each sample were amplified by PCR using published primers and conditions for MDM2 SNP309 (12) and p53 Arg72Pro (34) . Genotypes were determined by restriction fragment length polymorphism analysis using MspA1I (New England Biolabs) for SNP309, and BstUI and BtgI (NEB) for Arg72Pro. Genotype assays contained negative and positive control DNAs. Eleven melanoma cell lines (SKMEL 19, 29, 85, 94, 100, 103, 147, 173, 187, 192, and 197) were also analyzed for MDM2 SNP309 and p53 Arg72Pro genotypes.
Materials and Methods
Statistical methods. The characteristics of melanoma patients were summarized using medians with interquartile ranges (IQR) for continuous variables and percentages for categorical variables. Wilcoxon rank sum tests (for continuous variables) and m 2 statistics and Fisher's exact tests (for categorical variables) were used to identify differences between men and women.
The associations between the SNP309 and Arg72Pro genotypes were evaluated using Fisher's exact tests. Histopathologic features of melanoma were compared by genotype separately for men and women using Kruskal-Wallis tests for continuous variables and m 2 statistics for categorical variables. The distributions of age of diagnosis by SNP309 genotype and Arg72Pro genotype are presented graphically for men and women using boxplots. The odds of being diagnosed with melanoma by a specified age for patients with the SNP309 GG genotype were compared to the odds of diagnosis by this age for patients with SNP309 TG or TT genotypes. This was done using odds ratios with 95% confidence intervals. These odds ratios were estimated for selected cutpoints of the age distribution.
Statistical analyses were done at a significance level of 0.05 (two-sided). No adjustments were made for multiple comparisons. SAS 9.1 and SPSS 14.0 were used for statistical analyses.
Results
Patient characteristics. Table 1 presents a summary of patient and tumor characteristics. A total of 227 primary
Translational Relevance
One of the principles of cancer medicine is early detection of localized disease to prevent metastatic disease. Ideally, early detection efforts are best applied to those patients at highest risk of a given cancer. This article describes a statistically significant relationship between age-related melanoma risk in women and an inherited genetic polymorphism. Although these results need to be replicated, the risk estimate is substantial for women <50 years of age, but not for older women, suggesting a role of female hormones in melanoma pathogenesis. On the clinical side, these findings may lead to a genetic test to identify women <50 years of age who are at increased risk of melanoma.These patients may benefit from more careful early detection screening. In the laboratory, these results may stimulate research into the role of female hormones in melanoma.
melanoma patients were studied. Ninety-eight percent of patients were Caucasian. The gender distribution of these patients (59% men and 41% women) is nearly identical to the gender distribution of melanoma patients in the United States (1). The median age at melanoma diagnosis was 58 years, similar to the national median of 59 years. The distribution of melanomas by stage was 75.3% stage I, 16.7% stage II, 7.9% stage III, and 0% stage IV. No differences were found between men and women with respect to personal or family history of melanoma, histologic type, median tumor thickness, ulceration, or recurrence. However, the anatomic site of melanoma did differ significantly between men and women (P < 0.001, Fisher's exact test). This observation is in accordance with published epidemiologic data (35) . In addition, 98% of patients in the study were Caucasian, as is typical for the incidence of melanoma in the U.S. population.
MDM2 SNP309 and p53 Arg72Pro genotypes in patient germline DNA. As an initial analysis, we compared the PCR-restriction fragment length polymorphism genotyping methodology with routine sequencing of DNA extracted from 11 melanoma cell lines available in the lab. We found complete concordance between these methods, and used the PCRrestriction fragment length polymorphism method for the patient samples. An example of the genotyping results is shown in Fig. 1 . Among the cell lines, the distribution of MDM2 SNP309 genotypes was TT 18.2%, TG 54.5%, and GG 27.3%. The distribution of p53 Arg72Pro genotypes was RR 72.7%, RP 0%, and PP 27.3%. Supplemental Table S1 shows the SNP309 and Arg72Pro genotypes for each melanoma cell line. We subsequently examined MDM2 SNP309 and p53 Arg72Pro genotypes in the cohort of melanoma patients described above. We successfully amplified DNA from 216 of 227 (95.2%) patients for MDM2 SNP309, and from 213 of 227 (93.8%) patients for p53 Arg72Pro. MDM2 SNP309 genotype frequencies were TT 31.5%, TG 44.4%, and GG 24.1%; p53 Arg72Pro genotype frequencies were RR 57.7%, RP 35.2%, and PP 7.0%.
Analysis of SNP309 and p53 Arg72Pro genotypes and clinicopathologic variables. We analyzed the histopathologic features of each patient's tumor specimen for association with the MDM2 and p53 genotypes. There were no associations between the polymorphisms and histopathologic subtype, tumor thickness, anatomic site, and tumor ulceration (Table 2A and B). In addition we did not find any association between these genetic polymorphisms and patient recurrence or overall survival (data not shown).
Association between SNP309 genotype, patient gender, and age at melanoma diagnosis. Figure 2 presents boxplots that summarize the distribution of age at diagnosis for MDM2 SNP309 and p53 Arg72Pro genotypes by gender. Overall, the median age at diagnosis in men was 58.5 years compared with The distributions of MDM2 SNP309 genotypes among patients in the 10-year age-at-diagnosis groups are shown in Table 3 . Comparing women with the GG genotype to women with either TT or TG phenotypes, we observed that by the age of 50 years, 11 of 21 (52.4%) of women with a GG genotype were diagnosed with melanoma, compared with 15 of 68 (22.1%) of 8%) were diagnosed in the 30-to 39-year-old age group (P = 0.0034, Fisher's exact test). These differences were not observed in men. Table 4 shows the odds ratios for initial diagnosis of melanoma below a specified age (with age dichotomized at 10-year intervals) for patients with the SNP309 GG genotype as compared with patients with SNP309 TG+TT genotypes. This is shown separately for men and women. At age cutpoints below 50 years of age, women with the SNP309 GG genotype are more likely to be diagnosed with melanoma in the younger age category as compared with women with TG+TT genotypes; at age cutpoints of z60 years, the association is weak. Women with the MDM2 SNP309 GG genotype had a 3.89 times greater chance of being diagnosed at <50 years of age as compared with women with TG+TT genotypes (95% confidence interval, 1.22-12.31; P = 0.01). Note that the odds ratio was 4.62 (95% confidence interval, 1.23-16.86; P = 0.02) when an age of <40 years was used as a cut point, although there was considerable overlap between the confidence intervals for the odds ratios when age was cut at 40 and at 50 years. These associations were not seen among men. p53 Arg72Pro genotypes were not associated with melanoma risk in women or men.
Discussion
Our study identified an important association among age at melanoma diagnosis, female gender, and the GG genotype for MDM2 SNP309. Although overall MDM2 SNP309 genotype frequencies did not differ between genders, women diagnosed at younger ages were more likely to have an MDM2 SNP309 GG genotype as compared with older women. The greatest odds ratio for the diagnosis of melanoma among women with a SNP309 GG genotype was for those <40 years of age and the association remained significant as age increased to 50 years. The association was weak for z50 years of age. The decrease in the odds ratio from 4.62 to 3.89 as the age cutpoint increased from age 40 to age 50 years may reflect the fact that it is not uncommon for women to undergo menopause prior to the age of 50, but it is rare for this to occur prior to the age of 40 years (2, 3). These findings, combined with the SEER epidemiologic observation that prior to the age of 40 years melanoma is more common among women than men (but not after the age of 50 years), support the hypothesis that active estrogen signaling in combination with the GG genotype may contribute to melanoma onset in women. Nevertheless, this pilot study was limited by not having information regarding the menopausal status of our patients at the time of their melanoma diagnosis. A follow-up replication study will include these data to more precisely characterize the association between the SNP309 genotype and menopausal status at the time of melanoma diagnosis.
The role of estrogen in the development of melanoma remains controversial. The debate began in the 1970s when two initial observations were made: (a) young women taking oral contraceptives seemed to be at increased risk for melanoma (36) , and (b) pregnancy-related skin pigmentation changes were linked to the accelerated synthesis of melanin by estrogen (37) . Although some follow-up studies found associations among oral contraceptives, hormonal replacement, pregnancy, and melanoma (38 -41), others did not (42 -46) . In addition, immunohistochemical studies in melanoma showed little or no staining for what is now recognized as estrogen receptor a (47 -50), but type-II, low-affinity estrogen binding sites were detected in melanoma (51) . Interestingly, estrogen receptor h, a subsequently discovered isoform of the estrogen receptor (52), was recently found to be expressed in 100% of 94 melanocytic lesions, whereas only 7.5% of these lesions expressed estrogen . A meta-analysis of clinical trials using tamoxifen, a selective estrogen receptor modulator, in patients with metastatic melanoma showed that tamoxifen did not improve response or survival when administered with combined chemotherapy regimens (54); however, recent breast cancer studies have shown that estrogen receptor h may affect tumor resistance to tamoxifen (55 -57) , so it is conceivable that the failure of tamoxifen to improve outcomes in melanoma patients is related to the greater expression of estrogen receptor h versus estrogen receptor a in melanoma.
Limitations of the current study include the lack of a group of patients unaffected by melanoma, and lack of patient ancestry data. Regarding nonmelanoma controls, MDM2 SNP309 genotypes have been analyzed in over 2,000 control subjects worldwide (4, 6 -8, 12, 26, 28, 58 -63) . The GG genotype frequency in these control individuals ranged from 10% to 34%, with no substantial variation between men and women. Variation in allele frequencies has been observed among ethnic populations and could potentially bias our results if the patients from one ethnic group were overrepresented in a particular grouping of patients being analyzed. For example, Caucasians of Ashkenazi Jewish descent have been noted to harbor a higher frequency of GG genotypes (64) ; however, the analysis of a subset of our patients (n = 45) for whom selfreported ancestry data were available did not reveal an enrichment of Ashkenazi female patients <50 years of age, suggesting that it is unlikely that our results are biased by enrichment of patients from that ethnic group.
Recently, an analysis of MDM2 SNP309, p53 Arg72Pro, and skin cancer risk was published using patients from the Nurses Health Study. Among the 219 melanoma patients studied, no significant associations were observed between either of these polymorphisms and the risk of melanoma. There were also no statistically significant associations between these polymorphisms and the risk of basal cell carcinoma or squamous cell carcinoma (65) . As they did not present an estimate of the risk of melanoma by age group, it is difficult to directly compare their results with ours. However, an important difference between these cohorts was the frequency of the GG genotype. Among their patients, the frequency of the GG genotype was 13% versus 24% in our cohort. Thus, they may have been unable to detect the association that we describe due to a lack of sufficient numbers of patients with the GG genotype. This difference in the frequencies of the GG genotype between the two cohorts may be related to differences in ancestry among the patients enrolled. Alternatively, it may be related to patient age at diagnosis. We found a high GG frequency (42%) in women diagnosed at <50 years of age, and a much lower frequency (14%) in women diagnosed at z50 years of age. The mean age of melanoma diagnoses in their cohort was 63.4 years versus 57 years for both the mean and median of women in our cohort. Therefore, it is possible that the lower GG genotype frequency in their cohort is related to the higher mean age of their patients compared with our patients.
Studies in other cancers have reported a combined effect of both MDM2 and p53 polymorphisms on cancer risk and survival (26 -28) . The effect of p53 Arg72Pro on melanoma remains controversial, with some studies reporting associations between melanoma and the PP genotype (31 -33) and others reporting associations between melanoma and the RR genotype (34) . In our study, the distribution of p53 Arg72Pro genotypes did not vary by age or gender, and there was no evidence suggesting a strong association between the p53 Arg72Pro genotypes and melanoma risk, including a possible combined effect of both MDM2 SNP309 and p53 Arg72Pro genotypes on melanoma risk.
Several studies have examined the effect of MDM2 SNP309 on cancer survival. Studies on gastric and renal cell carcinomas have shown that MDM2 SNP309 associates with decreased (28, 60) ; however, a recent study on ovarian cancer has shown that MDM2 SNP309 associates with improved survival (14) . Data from our group and others have shown that accumulation of MDM2 protein in primary melanoma is an independent predictor of improved survival (20, 21) . It is possible that the increased expression of MDM2 in these patients was due to the presence of a SNP309 GG genotype. Unfortunately, germline DNA from the patients in our previous study is not available for analysis. In the current study, mean follow-up time was not sufficient to analyze the effects of MDM2 SNP309 on survival. Future studies will be conducted to address this question.
In conclusion, our pilot study suggests that MDM2 may play an important role in the development of melanoma in women.
The MDM2 SNP309 genotype may help identify women at risk of developing melanoma at a young age. Also, these data suggest that it may be worthwhile to revisit the effects of estrogen on melanoma in the context of the appropriate MDM2 SNP309 genotype.
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